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We have performed small angle neutron scattering measureli®@&iS) on dilute aqueous dispersions of
polymer microgel particles as a function of temperatdreThe microgel particles are spherical crosslinked
assemblies of a loose gel network of a poly-N-isopropylacrylarfid®AM) polymer. When the temperature
is raised beyond a critical temperatuig,~ 32 °C, the polymer becomes more strongly attracted to itself than
the solvent, and the microgel particles contract. The measured form f&¢tpr, for dilute suspensions of
uniform microgel particles exhibits many peaks that are characteristic of solid polymer nanospheres. The
position and amplitude of the peaks as a function of wave numberovide insight into the density profile of
poly-NIPAM within the microgels. These peaks can be described well over a wide range of temperature by a
model of the polymer density within the particles that is constant up to an inner rdliuand decreases
linearly to zero at an outer radiuRy.
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Common polymer “latex” microspheres are made by amicrogel colloids has been investigated experimentg8ly
variety of processes, including emulsion polymerizationand theoretically[9]. Rheological studief10-13 have
[1,2] that yield a uniform dispersion of dense and solid poly-shown that decreasing the temperature of concentrated mi-
mer balls in a liquid phase. These microspheres are commaitogel dispersions from above to beldli can lead to a
in many applications ranging from paints to biomarkers ingramatic increase in their steady shear viscosity and linear
cells, and the particles may or may not contain an additionab|astic modulus. Small angle neutron scatterigBANS)
crosslinking species to provide additional mechanical stabil;neasurements of microgdls, 14—16 have recently begun to
ity. By contrast, microgels are dispersions of micron-sized,jqress the issue of the polymer density inside the particles.
spherical porous gels of a crosslinked polym@}. Due to  pe tg polydispersity in the size distribution of the microgel
their porous internal polymer network, microgels have inter-y,ticles and due to the limitations of the resolution and ac-
esting physical properties that are not seen with commoRessiple angular range of the neutron scattering apparatus, no
microspheres. Perhaps the most important of these is th@ear measurements of the form factor have been made as a
ability to tune the size of the microgel particles by changingsynction of temperature that show many orders of shoulders
the relative attractions of the polymer to itself and to theg heaks that one would expect from interference effects aris-
liquid solvent through the temperaturd, Precipitation jnq from monodisperse spherical particles. At most, one or
polymerization methods have been developed to synthesize,haps two shoulders have been observed. The lack of
uniform aqueous dispersions of microgels, and the mOs{yong interference effects in the observed neutron scattering
common are comprised of poly-N-isopropylacrylamidenensities has hindered the direct interpretation of the inter-
(poly-NIPAM), which has a lower critical solution tempera- 5| strycture of the microgels as a function of temperature
ture (LCST), T;=32 °C, cross-linked with a small fraction using a simple model.

of methylene-bis-acrylamideBA) [3]. The cross-linker is Here we present SANS measurements of highly monodis-
essential for preventing the microgel particles from simplyperse anionic poly-NIPAM microgels at a dilute concentra-
dissolving and dispersing in the water. Typically, the poly-tion that clearly reveal the particulate nature of these disper-
NIPAM is negatively charged, leading to charge stabilizationgjy,g through peaks in the form factdf(q), up to the
of the microgels against aggregation. _ eventh order. Our measurements cover a range of tempera-
The phase behavior, structure, and rheology of microgej,res apove and below., and, through the changes in the
dispersions can be highly sensitive to changes in temperatugﬁnpmude and position %f the peaks in the wave nunter
aroundT,.. In concentrated solutions of microgels, the effec-\ o are able to discern how temperature changes affect the
tive volume fraction can be controlled both through the tem-5erage size and internal structure of the microgels. We fit

perature and through the ionic strength that screens thgegse measurements with a simple, yet powerful, description

bf the form factor of the microgels that is based on a model
of the polymer density within the particles that is constant
ut to a radiusR;, and decreases linearly down to zero at a
rger radius,R,. This simple model enables us to fit the
peaks in the measured form factor accurately over a wide
range of temperatures, thereby providing a measurement of
the average polymer density profile within the microgels

* Author to whom correspondence should be addressed. situ above and below the transition temperature.

scatterind4,5] and pulsed field gradient NMF5] have been

used to study the structural relaxation and glass transition i
dense microgel suspensions. Colloidal crystals of microge
particles can also be mad&], and the phase behavior of
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FIG. 1. (Color online False color images of the small angle 10—3

neutron scattering patterns from poly-NIPAM microgel particles at
1% by mass in a 9:1 mixture of JO:H,O. Temperatures ard:
=30.8 °C<T (left) andT=34.7 °C>T, (right). The brighter and
darker colors correspond to higher and lower intensities, respec- g 2. (Color onling Azimuthally averaged scattering intensity,
tively. The transmitted beam has been blockethall dark inner | a5 4 function of wave numbag, of dilute microgels described in
circle), and the detector has been shifted out of the center to providpig. 1 for the following temperaturesT=24.6 (circles, 30.8

a greater range of scattering angles. Bright concentric rings aroun&quare}‘, 32.6 (diamonds, and 34.7 °Cltriangles. The scattering

the beam block are observed to shift toward larger scattering angk?ﬁtensity decreases rapidly with at lower temperatures. At the

as the temperature is increased. highest temperature, seven peaks or shoulders are clearly visible

. . girrows.

In order to increase the neutron scattering contrast an
reduce the incoherent scattering, we have diluted uniforngeven orders extending out toward the higlest our mea-
poly-NIPAM microgel particles(Interfacial Dynamics Cor- surement window. These peaks correspond to the concentric
poration at a mass fraction op,,=0.1 solids in BO with  rings in Fig. 1. We have investigated temperatures down to
nine parts of deionized f» to obtain a dispersion of,, 20 and up to 44 °C, and there is no appreciable change in
=0.01 in an aqueous continuous phase containing 99@. D 1(qg) from that which we present at 24.6 and 34.7 °C, respec-
The microgel particles have 2.5% BA cross-linker relative totively.
poly-NIPAM by mass and a very low coefficient of variation ~ Our scattering measurement is equivalent to measuring
in diameter of 5%, determined using transmission electronhe Fourier transform of the density of scattering sites within
microscopy. After loading this dilute dispersion into a quartzthe microgel particle, ensemble averaged over the distribu-
banjo cell of 1 mm path length, we measure the scatteringion of density profiles(i.e., size distribution of microgel
intensity, 1(q) as a function of temperatur:=24.6, 30.8, particles[17,18. The positions of the peaks are a primary
32.6, and 34.7 °C. We start at low temperature and step th@dicator of the interference effects resulting from coherent
temperature up, permitting the sample to equilibrate at thecattering from the most common particles in the sample.
new temperature over a time of 10 min before commencing he depth of the minima around the peaks is an indication of
the next measurement. We use the loweesainge available the polydispersity of the density profiles: more visible
on the NG-7 beamline at NIST's Center for Neutron Re-minima correspond to a higher degree of uniformity of the
search at an operating wavelength 0£8 A:0.0008 A density profile among the particles in the sample. In general,
<(q=0.03 AL, This configuration enables us to view the the direct inversion of the scattering data into real-space in-
relevantq range for our particular dispersion with the bestformation about the density profile is an ill-posed problem
resolution of the details in the scattered intensity. mathematically. Alternatively, one may assume a functional

The two-dimensional scattering patterns from the arrayform for the density profile, calculate the form factor, and
detector are shown in false color in Fig. 1 for temperaturesletermine if it matches the data well or not by fitting the
below and aboveT,.. Below T, most of the scattering is data. Although this procedure can often provide satisfying
concentrated at lowg, and several concentric rings are vis- results, there is no guarantee of the uniqueness of the solu-
ible. At the highest temperature, aboig, the scattering tion for the assumed density profile. However, one may have
becomes stronger at highgiand more rings are visible. The more confidence in the validity of this method if the fitting
azimuthally averaged scattering intensitiégy) =F(q), for ~ parameters make physical sense. In our case, with microgels,
the dilute microgel dispersion are shown as a function othe temperature dependence of the fitting parameters would
temperature in Fig. 2. At low temperature, the intensity dropsiave to make sense with the known contractiog., shrink-
off swiftly, even at the lowest] we can access, and several ing) of the particles at higher temperatures abdye
shoulders are visible before the coherent scattering reaches We have attempted to fit the shoulders and peaks in Fig. 2
the incoherent scattering background. As the temperature issing a form factor corresponding to a simple solid core of
raised, the intensity increases, the shoulders become moeenstant density out to a radiuR, which can be used to
distinct, grow in number, and move toward higlierAt the  accurately describe solid latex microsphdrEg. This model
highest temperatures, the shoulders at the logestn actu- is not able to capture the positions and amplitudes of all of
ally be distinguished as peaks, and we are able to see up tbe peaks and shoulders in Fig. 2 correctly even at the high-
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est temperatures we probe, where the microgels are most In order to improve the fits, we have calculated the form
compact. Moreover, this uniform sphere model cannot capfactor for a particle that has a spherically symmetric density
ture the more rapid decrease in the measwféq) at the  as a function of radius(r), that is constant in the “core” out
lower temperatures. Since the peaks and minima of this forngy an inner radiusR;, beyond which the density decreases
factor are primarily a result of interference effects, the addi'linearly to zero at an outer radiug,. To do so, we square

tion of polydispersity of particle sizes to the fits does not,, _ . ; )
improve the comparison with the measurements signiﬁcantly.t.he integral ofp(r)[sin(qr)/(qr)] over all space and normal

Although the fits are not satisfactory at any temperature!”® this by, the square of the mteﬂgrql pr) over gll space. .,
there is better agreement of this model at higher temperaturé'g1e resulting form factor for this “uniform core-linear shell
where the particles are more compact. UCLS) model is

1442 cogqRy) — 2 cogqR,) + gR; sin(gRy) — qR, sin(qRy) 12

[(GR)"— (GR)F @

Fucs(@) =

Unlike the simple uniform core model, due to the linearly mains relatively constant around 170 nm, within the errors,
decreasing shell, the UCLS model can produce peaks in thidae core itself does not change much in size as a function of
form factor that decay more rapidly than® the power law temperature; on average, it is perhaps a bit smaller at tem-
associated with the decrease in peaks for the uniform corgeratures belowr.. However, R, decreases sharply from
model. This is critical for capturing the strong decay in theabout 325 nm fofT <T; to about 180 nm foif > Tc. This
peaks of the measurddq) that is more rapid thag™ at the ~ accounts for the known compaction of the particles at tem-
lower temperatures. Moreover, the UCLS model is easier t€ratures abové.. This would suggest that most of the
implement in a fitting routine than the finely stratified spherer€duction in the effective size of the microgel particles at
model[19], which has been used to describe the form factoNigher temperatures is due to the compaction of a relatively
of homogeneous spheres covered by a film with an arbitrar iffuse gra_d|ent layer that is on the outside of a u_mform core
variable refractive index. Given the finite size of the micro-that remains largely unchanged. For these different fits,
gel particles, the UCLS model is more realistic physically!incon @nd lo are essentially independent oF: lincon

than an exponential decay proposed for the dielectric permit=1 T+ andlo=~10° cm™. _ _ o
tivity in light scattering result$20], since the UCLS model ~ This study of the polymer density profiles within microgel
imposesp(r)=0 for r=R,. particles as a function of temperature clearly reveals the

We fit the measured data to the UCLS model given and

. . 10°
also include a constant background scattering téyn, to L4 E
account for the incoherent scattering at highThe total —g 1
fitting form for the measuret(q) is S 2
S
1(a) = loFucLs(@ + lincons 2 = 10

where |, accounts for the scattering contrast between the
polymer and the solvent. The results are shown in Fig. 3. We _ 1¢¢
are able to quantitatively capture the peak positions and am™g 13
plitudes accurately with this single formula; however, the = 0
smeared intensity between the peaks is not described well b &
the sharp minima of the fitting form, which does not account
for polydispersity in the density profile distribution of the
microgels. It is remarkable that a single fitting form with
only one additional parameter is able to capture the essentic..
features of the data at temperatures both below and above the p 5 3 (Color onling Fits (dashed linesto the measured scat-

lower solution critical temperature. We have also tested Rering intensity,(q), using the uniform core-linear shelUCLS)

model that has a quadratic decrease in density beyond a solighge| given in Eqs(1) and (2) for the following temperatures:

shell, and this model cannot reproduce the peak positiong) 24.6 °C(circles, (b) 30.8 °C(square} (c) 32.6 °C(diamonds,

and amplitudes as accurately. Similarly, a solid core-constaning (d) 34.7 °C(triangles. A single model with two adjustable size

shell model, which introduces two additional fitting param-parameters can account for the amplitude and position of the ob-

eters, does not significantly improve the quality of the fitS. served peaks over a range of temperatures. The sharp minima of the
We show the variation of the size fitting paramet®s model are not observed due to polydispersity in the microgel den-

andR, as a function of temperature in Fig. 4. SinRgre-  sity profiles and therefor; andR,.
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350 . ; . . . ; We have shown that the relatively simple UCLS model for
o I ] the density profile of the microgels is sufficient to fit the
~ 300F : ] amplitudes and positions of the peaks in the form factor.
g L]
= : ] Moreover, the temperature dependenceRgfcorresponds
~ 250 F I ; well with changes in the hydrodynamic radius that have been
< ] | ] measured using dynamic light scatterifiaLS) [3,5,14,2];
%L 200 } : " H ’ for 2.5% cross-linker density, we obtain a reductiorRiiT)
150 b i : s 1 that is consistent with previous DLS measurem¢gfg. To
] ] obtain even better fits that can account for the smeared in-
TN P T T tensity between the observed peaks, it is possible to assume a
100 _ Srved p
24 26 28 30 32 34 36 38 functional form for the distribution of radR; andR, and to
T (°C) numerically perform a least-squares fit in order to optimize

the width and skew of the distributions. This analytical ap-
FIG. 4. (Color onling Variation of the fitting parameters for the Proach lies beyond the scope of this paper, and it leads only
inner radiuisl (Circ|e9, and outer radiung (Squareﬁ W|th tem- to ref'nements Of the ma'n pOIntS that we ha.Ve presented
perature,T, obtained from the fits to the UCLS model in Fig. 3 Ultimately, a theoretical description of the origin of the den-
(error bars indicate standard deviations in the fitting parameterssity profiles of microgel particles that accounts for the charge
The inner radius remains relatively constant, whereas the outer raensity, cross-linking density, and relative polymer-polymer
dius decreases sharply above the lower critical solution temperaand polymer-solvent interactions is needed.

ture, T\;=32 °C, for poly-NIPAM (dashed ling
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